In this study, we investigated the effects of bladder outlet obstruction (BOO) on the expression and function of large conductance (BK) and small conductance (SK) Ca 2+ activated K + channels in detrusor smooth muscle. The bladder from adult female Sprague-Dawley rats with 6-week BOO were used. The mRNA expression of the BK channel α-subunit, β1-, β2-and β4-subunits and SK1, 2 and 3 channels were investigated using real-time RT-PCR. All subunits except for the BK -β2, and SK2 and SK3 channels were predominantly expressed in the detrusor smooth muscle rather than in the mucosa. The mRNA expression of the BK channel α-subunit was not significantly changed in obstructed bladders. However, the expression of the BK channel β1-subunit and the SK3 channel was remarkably increased in obstructed bladders.
Introduction
Bladder outlet obstruction (BOO) causes various structural and functional changes in the lower urinary tract and induces not only obstructive but also detrusor overactivity as well as irritative symptoms such as urgency, urge incontinence, urinary frequency and nocturia. This situation has been simulated using animal models with partial urethral obstruction, and numerous mechanisms including myogenic and neurogenic changes have been proposed as a source of detrusor overactivity. In the case of BOO, there has been evidence that detrusor overactivity is closely related to increased excitability of detrusor smooth muscle (1, 53) .
One of the important functions of K + channels is to stabilize the membrane potential and reduce the excitability of nerves and muscle cells (38) . The relationship between detrusor overactivity and K + channels has been reported (18, 31, 33, 45, 46), and several kinds of modulators of these K + channels have been developed in an attempt to manage detrusor overactivity (10, 27, 34). Ca 2+ activated K + channels are one of major groups of six/seven transmembrane potassium-selective channels. These channels are divided into several groups according to the genetic, electrical and structural properties of each channel (50). Large conductance Ca 2+ activated K + (BK) channels, which are activated by membrane potential depolarization and by increases in cytosolic Ca 2+ concentration (50), mainly mediate repolarization phases of detrusor smooth muscle cells (13, 15, 46) . BK channel knock-out mice show reduced bladder capacity, increased amplitude of spontaneous contractions and increased responses to electrical and carbachol induced stimulation (31, 46). The BK channels consist of pore forming α-subunits associated with accessory β-subunits, which contribute to the functional diversity of the channels (5, 11, 12, 29, 30, 33, 51). Four different β-subunits with tissue specific distribution have been cloned (5, 21, 30, 49). The smooth muscle specific β1-subunit was first identified in bovine tracheal and aortic smooth muscle (21). The detrusor smooth muscle from β-1-subunit knock-out mice shows altered phasic contractions (33). A recent study has also demonstrated the presence of β4-subunits in the rat detrusor smooth muscle both at mRNA and protein levels (7), although β4-subunits were thought to be expressed mainly in neurons (11, 30, 51) . Small conductance Ca 2+ activated K + (SK) channels, which are Ca 2+ sensitive, but not voltage sensitive, are also important determinants of detrusor smooth muscle excitability and contractility. They are divided into 3 subtypes (SK1, SK2 and SK3). Genetic modification of these channels in mice has shown critical roles of these channels in the control of detrusor smooth muscle activity (18, 45) .
In this study, we examined how BOO affects the expression of BK and SK channels and investigated the impact of altered expressions of these channels on the contractile properties of detrusor smooth muscle in rats.
longitudinally from the bladder body above the ureteral orifices under a dissecting microscope.
Each strip was mounted in an 8 ml organ bath containing aerated 37 ºC Krebs-Henseleit solution with one end fixed to a stationary rod and the other to a transducer. Tension generated was measured, recorded and analyzed with the same equipment as cystometry. The initial load was set to 10 mN. After a 60-90 min equilibration period accompanied by periodical changes of the solution in the organ bath, test drugs were applied. All procedures were conducted in the presence of 1 μM tetrodotoxin to reduce the influence of nerve activity. At the end of the experiment, wet weight was recorded for each strip.
Evaluation of spontaneous contractions in bladder strips
To stabilize spontaneous contractions, the concentration of K + in the Krebs-Henseleit solution was increased to 20 mM by equimolar substitution of NaCl with KCl as previously described (10, 43). After the equilibration period, 10, 30, and 100 nM Iberiotoxin (IbTx) and charybdotoxin (CTx), which are blockers of BK channels, and 0.1, 1, 10, and 100 nM apamin, which is a blocker of SK channels, were applied cumulatively at 20 min intervals. Amplitudes and frequency of spontaneous contractions during the last 5 min of each application period were measured.
Evaluation of carbachol induced contractions
After the equilibration period, carbachol was applied in increasing cumulative 
Data analysis
To evaluate the expression level of K + channel mRNA, we used ribosomal protein L13a
(Rpl13a) and hypoxanthine guanine phosphoribosyl-transferase-1 (HPRT) mRNA as internal controls, which were not significantly different in control and BOO groups, according to an algorithm proposed previously (48). This was necessary because some studies have reported increased expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ß-actin in the hypertrophied bladder (3, 28). Also in our preliminary study, the mRNA levels of GAPDH were markedly increased in mucosa-intact obstructed bladders and in mucosa-removed smooth muscle layers of obstructed bladders (n = 7 in both groups, P < 0.001, n = 5 in both groups, P < 0.01, respectively). The expression of β-actin was also significantly increased in mucosa-removed smooth muscles of obstructed bladders (n = 5 in both groups, P < 0.01) (data not shown).
In All data are expressed as mean ± SE. Student's t test or one way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison test was used to determine significance among 2 groups or more than 2 groups, respectively. For all statistical tests, P < 0.05 was considered significant. In the isolated muscle strip study, n represents the number of strips and N represents the number of animals.
Result

Cystometry
Six weeks after urethral ligation, bladder weight was significantly increased in BOO rats (79.4 ± 3.62 mg in control rats vs. 559.8 ± 104.6 mg in BOO rats). However, the degree of hypertrophy and an occurrence of NVCs were variable among animals. Therefore, to investigate the influence of severity of altered properties induced by BOO on K + channel function, BOO rats were divided into mildly obstructed (m-BOO) and severely obstructed (s-BOO) groups, based on the absence and presence of NVCs greater than 4 cmH 2 O during cystometry, respectively. Bladder weight and bladder capacity in the s-BOO group were more than 10 times larger than those in the control group (table 1) . Significantly increased maximum voiding pressure was noted in both BOO groups although the value in the s-BOO group was lower compared to the m-BOO group. Voiding efficacy was also significantly lower in the s-BOO group than in the m-BOO group. These results indicate that s-BOO bladders exhibit more pronounced detrusor overactivity (i.e., NVCs) along with decompensated contractile properties during voiding compared to m-BOO rats.
mRNA expressions
In our preliminary experiments, mRNA expression of β1-, β2-, and β4-but not β3-subunits of the BK channel was detected in the bladder tissue as previously described (35).
Therefore, we investigated the BK channel α-subunit, β1-, β2-and β4-subunits and all 3 types of SK channels in this study. To evaluate the influence of BOO on expression of each channel transcript, we compared the mRNA expression in control, m-BOO and s-BOO groups. There were no significant differences of the BK channel α-subunit transcripts expression among groups although the expression in the m-BOO group tended to be higher compared to other groups ( Fig. 1A) . Similar patterns were seen in the expression of the SK1 and SK2 channel transcripts (Figs. 1E and 1F). However, BOO markedly increased the expression of the BK channel β1-subunit and the SK3 channel transcripts regardless of the severity of BOO (Figs. 1B and 1G). On the other hand, the expression of the β4-subunit transcripts was significantly decreased in parallel with the severity of BOO (Fig. 1D ).
To examine mRNA expression in different layers of the bladder, RT-PCR was performed on the mucosa and smooth muscle layers of bladder tissues from control and BOO rats, which showed increased bladder weight (659.2 ± 99.0 mg) and NVCs during cystometry similar to s-BOO rats. Muscle and mucosa exhibited marked differences in expression of the different genes; BK-α, SK2 and SK3 transcripts as well as the β1 and β4 subunit transcripts were more prominently expressed in muscle. Among these channels and subunits transcripts in the muscle layer, changes in expression similar to the whole bladder experiment were observed after BOO except the SK2 channel, which was significantly increased compared to controls (Fig.
2)
Spontaneous activity in muscle strips
To investigate whether functional changes are elicited by the altered expression of BK channel subunits and SK channel transcripts following BOO, we examined responses of detrusor smooth muscle strips, in which the mucosa was removed, to BK channel blocking agents, IbTx and CTx, and a SK channel blocker, apamin.
One series of experiments investigated the influence of blockers on spontaneous bladder contractions. Before application of K + channel blockers, the amplitude of spontaneous 155.0 ± 6.0% of pre-drug values, P < 0.01, Fig. 4A ). Apamin also increased the amplitude of spontaneous activity and this increase was greater in the BOO group compared to the control group at concentrations of 10 and 100 nM (309.5 ± 39.2% vs. 135.5 ± 9.0% at 10 nM, P < 0.001, 335.7 ± 44.8% vs. 136.8 ± 10.0% at 100 nM, P < 0.001, Fig. 4C ). Meanwhile, although the frequency of spontaneous contractions also tended to be increased by all blockers, the magnitude of this effect was not significantly different between control and BOO rats.
Carbachol evoked contractions
The influence of K + blocking agents on the contractions evoked by carbachol, a cholinergic agonist, were also examined in control and BOO strips ( Emax values at the second carbachol application were reduced by 3.29 ± 1.36%
without blocker application in the control group (Figs. 5A and 6A). IbTx, CTx and apamin treatments tended to prevent this spontaneous decline in Emax but differences in ∆Emax with and without blocker treatments were not statistically significant. On the other hand, significant increases in ∆Emax values were seen in the strips from the BOO group after IbTx and CTx treatment (12.36 ± 3.42%, P < 0.05 and 12.26 ± 2.01%, P < 0.05, respectively) (Figs. 5F, 5G
and 6A), compared to the changes (1.89 ± 0.79%) in the TMC of BOO rats ( Fig. 5E and 6A ).
The apamin treatment showed a larger but insignificant increase of ∆Emax (5.22 ± 1.61%, Fig.   5H and 6A) compared to the TMC.
The potassium channel blockers also influenced the EC 50 values. The -logEC 50 values in the TMC of control and BOO groups were decreased to an equal degree (i.e., decreased affinity) at second applications of carbachol without blockers while the -logEC 50 tended to increase after blocker application (i.e., increased affinity). In both groups, the ∆-logEC 50 obtained after IbTx or CTx treatment was larger than that seen in the TMC (Fig. 6B) .
Furthermore, the CTx treatment showed a greater increase in the ∆-log EC 50 than in the IbTx treatment in the BOO group. However, changes in the ∆-log EC 50 after the IbTx or CTx treatment were larger in the BOO group than in the control group. On the other hand, there is no significant difference in the ∆-logEC 50 obtained after apamin treatment between control and BOO groups although the apamin treatment showed a significant increase when compared to the TMC in the BOO model.
Discussion
The present study describes the impact of BOO on function and expression of Ca 2+ activated K + channels. BOO for 6 weeks greatly influenced the mRNA expression of SK2 and SK3 channels as well as β1 and β4 modulatory subunits of the BK channel. Functional studies using detrusor smooth muscle strips also revealed enhanced effects of BK and SK channel blockers in the detrusor smooth muscle of the obstructed bladder, suggesting an up-regulated inhibitory function of BK and SK channels after BOO.
In this study, we found that mRNA expression of BK modulatory β1 and β4 subunits were increased and decreased, respectively, in the detrusor while there was no change in the BK α-subunit expression 6 weeks after BOO. The BK channel β1-subunit which is mainly expressed in the smooth muscle dramatically increases Ca 2+ and voltage sensitivity of the BK α-subunit, resulting in facilitation of the BK channel function (5, 29, 33). On the other hand, the β4-subunit, which is known to be expressed mainly in neurons, but was proven to be present also in bladder smooth muscle (7), decreases the voltage sensitivity and slows activation kinetics, thereby being called a "down regulator" of the BK channel (5, 51). Therefore, it is assumed that increased and decreased mRNA expression of the BK β1-and β4-subunits, respectively, contributes to the facilitated inhibitory function of BK channels in the detrusor smooth muscle of BOO rats even though the BK channel α-subunit expression was not changed.
We also detected changes in expression of SK2 and SK3 channel transcripts in the BOO bladder. However, there was discordance in the expression level of the SK2 channel transcripts between mucosa-attached and mucosa-removed tissues (Fig. 1F, 2F ). Since the mucosal expression of SK2 channel mRNA was minimal (Fig. 2F) , the discrepancy is likely to be related to the detrusor muscle expression. One possible explanation for this discrepancy might be the difference in severity of bladder hypertrophy induced by BOO because the bladder weight of BOO bladders used for mucosa-removed preparations was lower (660 vs. 790 mg)
than the weight of s-BOO bladders used for whole bladder experiments although both groups of BOO rats showed NVCs during cystometry. Thus it is possible that the expression of SK2 channel transcripts in the detrusor is sensitive to the bladder condition after BOO although mRNA and protein expression of SK2 channels might not correlated each other after BOO.
Nevertheless, the functional study using a SK channel blocker, apamin, showed overall SK channel activity is enhanced in the detrusor smooth muscle of obstructed bladders.
In this study, we did not evaluate protein expression of BK and SK channel and subunits due to the lack of high quality antibodies against Ca 2+ -activated K + channels, especially In contrast to the results of our study, a previous study using 6-week BOO rats with
NVCs reported decreased expressions of the BK channel α-subunit and SK channel transcripts in obstructed bladders by using semi-quantitative RT-PCR techniques with β-actin as an internal control (24). Although the reason for this discrepancy is unclear, experimental models of BOO in rats are known to yield a range of morphological and functional changes even if the same surgical procedures are used (41). In our study, we also found a discrepancy in the expression of SK2 channel transcripts in different groups of BOO rats used for whole bladder or detrusor preparations. Therefore, different conditions of experimental models could be one of the reasons of this discrepancy. Another reason that should be considered is the difference of internal controls used to evaluate and standardize the results of the PCR investigation. As the real-time PCR has proven valuable for accurate expression profiling of selected genes, stability of commonly used housekeeping genes adopted from literature as reference genes has been argued (2, 19, 47, 48) . In the case of the hypertrophied bladder, several studies reported increased expression of commonly used housekeeping genes such as β-actin and GAPDH at mRNA or protein levels (3, 28). Therefore, in this study we carefully assessed the variability of several candidates of housekeeping genes and used two selected genes, which showed no significant differences of mRNA expression between control and BOO groups, as internal controls according to an algorithm proposed previously (48).
In animal models of BOO, NVCs are often seen in cystometry, and these observations are regarded as evidence of bladder instability, which is thought to contribute to irritative symptoms (26). Therefore, it is reasonable to speculate that the excitability of detrusor smooth muscle is closely related to bladder instability. However, in the present study, the amplitude and frequency of spontaneous contractions of muscle strips from obstructed rats were smaller than those from control rats. At the cellular level, an increase in excitability of detrusor smooth muscle cell membranes from the obstructed bladder has also been difficult to demonstrate consistently. In terms of spontaneous activity of detrusor muscle, several studies using microelectrode recording in intact bladder tissues reported reduced or unchanged smooth muscle cell excitability in the obstructed bladder (22, 42). On the other hand, increased spontaneous electrical activity was detected using patch-clamp recording techniques in isolated smooth muscle cells from the obstructed bladder (23). Thus, there is the possibility that bladder instability induced by BOO might be related to other factors than increased detrusor smooth muscle excitability. In this regard, recent studies have demonstrated enhanced cell-to-cell interactions of smooth muscle as evidenced by increased expression of gap-junction proteins such as connexin 45 or the increased number of interstitial cells in obstructed bladders (8, 22, 53). Therefore, the enhanced activity of BK and SK channels shown in this study could be a compensatory mechanism to suppress bladder instability induced by BOO. Similar compensatory reactions have been reported in vascular smooth muscle of spontaneous hypertensive rats (6, 9, 25, 37).
These findings support our conclusion that Ca 2+ activated K + channels act in a direction to suppress the excitability of bladder smooth muscle cells in response to either spontaneous or muscarinic stimulation in the BOO condition. Moreover, BOO rats with NVCs (s-BOO group) had reduced voiding efficiency and micturition pressure when compared to those without (m-BOO group) in this study. Thus, although inhibition of spontaneous activity might contribute to suppression of BOO-induced bladder instability during the storage phase, a reduction due to 21 BK channel upregulation in muscarinic receptor-mediated contractility, which is directly related to voiding bladder contractions, could be involved in the emergence of voiding dysfunction including decreased voiding efficiency and increased residual volume in BOO.
Perspective and significance
Long-term BOO for 6 weeks induces changes in the subtype expression of BK and SK channel transcripts of Ca 2+ activated K + channels, which contribute to the enhanced function of these channels in the detrusor smooth muscle. The BOO-induced changes in Ca 2+ activated K + channel activity might be a compensatory mechanism to reduce bladder overactivity following BOO.
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